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A B S T R A C T
High resolution ultrasound and photoacoustic images of stained neutrophils, lymphocytes and
monocytes from a blood smear were acquired using a combined acoustic/photoacoustic microscope.
Photoacoustic images were created using a pulsed 532 nm laser that was coupled to a single mode ﬁber to
produce output wavelengths from 532 nm to 620 nm via stimulated Raman scattering. The excitation
wavelength was selected using optical ﬁlters and focused onto the sample using a 20 objective. A
1000 MHz transducer was co-aligned with the laser spot and used for ultrasound and photoacoustic
images, enabling micrometer resolution with both modalities. The different cell types could be easily
identiﬁed due to variations in contrast within the acoustic and photoacoustic images. This technique
provides a new way of probing leukocyte structure with potential applications towards detecting cellular
abnormalities and diseased cells at the single cell level.
ã 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Scanning acoustic microscopy (SAM) was ﬁrst developed in the
early 1970’s at Stanford University. When using frequencies at
1000 MHz, the ultrasound imaging resolution approaches 1 mm;
various biomedical applications including the imaging of single cells
became readily apparent [1,2]. In SAM, the image contrast depends
on the biomechanical properties of the cell assessed through the
scattering and attenuation of the acoustic waves [3]. This enables
high resolution images of single cells and cellular organelles with
contrast not possible using optical microscopy [4–12].
Photoacoustic microscopy (PAM) uses similar hardware as
acoustic microscopy, but with the addition of a pulsed laser to
create the photoacoustic waves. In PAM, chromophores within the
cell absorb the incident laser energy and emit an acoustic wave
[13]. The acoustic wave, called a photoacoustic wave, is then
detected by the same ultrasound transducer that is used in SAM.
PAM is well suited to creating images of single cells using their
natural endogenous chromophores, which include hemoglobin in
erythrocytes [14–17], melanin in melanoma cells [14,18], DNA in
cell nuclei [19] and cytochrome C in the mitochondria [17,20].
Photoacoustic images of single cells can also be created using
exogenous chromophores such as dyes or nanoparticles [16,21].* Corresponding author.
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4.0/).Optical-resolution photoacoustic microscopy (OR-PAM) pro-
vides sub-micrometer lateral resolution, which is achieved by
focusing the laser to a diffraction limited spot (approximately
200 nm using a 532 nm laser) [14,22]. The emitted photoacoustic
waves are then detected using an ultrasound transducer with
central frequencies up to about 100 MHz [17,23–25]. The diffrac-
tion limited laser spot provides excellent lateral resolution as
photoacoustic waves are generated from within the focal spot only,
however axial resolution suffers as it depends on the acoustic
bandwidth of the transducer. Transducers used in these studies
typically have lateral and axial resolutions in the 20–50 mm range
[26], and thus are unsuitable for acoustical imaging of single cells.
We have pioneered the use of PAM using frequencies at 1000 MHz
[27–29]. Combined with traditional pulse-echo acoustic microscopy,
our system is capable of either acoustic or photoacoustic imaging
with micrometer resolution. Images with excellent lateral and axial
resolutionare obtained;a quantitative analysis of the signals canalso
be performed to extract biomechanical or structural information
about the cell [18,30–35]. To date, combined acoustic and photo-
acoustic imaging of the same structures at 1000 MHz has not been
demonstrated. Here we demonstrate the combined imaging
approach on single cells in a blood smear.
A blood smear is a monolayer of blood cells ﬁxed and stained on
top of a glass substrate [36]. The smear is composed of erythrocytes
and leukocytes that are spatially separated, and as a result are ideal
for both acoustic and photoacoustic microscopy. Blood smears are
routinely examined by hematologists using optical microcopy to
identify and diagnose blood disorders [37]. However leukocytesle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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without the use of a colorimetric stain. Metachromatic Roma-
nowksy type dyes such as the Wright stain differentially stain
cellular organelles and are often used for visual identiﬁcation [38].
However, even when stained it can be difﬁcult to identify
abnormalities present in the blood cells.
Using a photoacoustic microscope outﬁtted with a ﬁber-
coupled pulsed laser and a 1000 MHz transducer, this study
demonstrates combined ultrasound and photoacoustic images of
stained leukocytes at optical wavelengths of 532 and 600 nm. This
technique has the potential to identify blood-related abnormalities
and reveal structural detail that can be difﬁcult to assess using
optical microscopy alone.
2. Method
2.1. Sample preparation
Blood smears were prepared from a fresh drop of blood
extracted via ﬁngerprick from a healthy volunteer in accordance
with Ryerson University Ethics Review Board (REB #2012-210),
then ﬁxed in methanol. Staining was performed by adding 1 mL of
Wright–Giemsa stain (Sigma Aldrich, USA) to the slide for one
minute, then 1 mL deionized water for 2 min. The slide was then
washed with deionized water to remove excess stain and left to dry
before imaging.
2.2. Acoustic/photoacoustic microscope
The acoustic/photoacoustic microscope (Kibero GmBH,
Germany) is an inverted optical microscope equipped with a
pulsed 532 nm laser (Teem Photonics, France) and an ultrasound
transducer positioned above the sample. The sample was placed on
the microscope translation stage where the microscope optics
were used to view the sample and focus the laser, and the
ultrasound transducer positioned above the sample was used to
record the ultrasound and photoacoustic signals (Fig. 1A). The focal
spots of the ultrasound transducer and laser were co-aligned, and
crosshairs on the optical view provided by a CCD camera enable
targeting of speciﬁc cells (Fig. 1B). Images were acquired by raster
scanning the stage and recording the acoustic and photoacoustic
signals. A schematic demonstrating photoacoustic waves emitted
from a single cell is shown in Fig. 1C.
A pulsed 532 nm laser was coupled to a 2 m long single mode
ﬁber and the collimated output was directed into the optical path
of the microscope. Through cascaded stimulated Raman scatteringFig.1. The acoustic microscope: (A) the transducer is positioned above the sample slide, a
view of a stained blood smear with the transducer in place, the crosshairs are used to tar
photoacoustic waves generated from a cell on top of a glass slide travelling towards th(SRS) within the ﬁber, additional output wavelengths between
532 and 620 nm were observed as shown in Fig. 2A [39–42].
Adding a ﬁber to an existing laser setup is an inexpensive method
for increasing the range of wavelengths available for photoacoustic
signal generation. Using this technique, ﬁber-coupled 532 nm
lasers with wavelength output up to 800 nm have been demon-
strated [41]. Alternative methods of multispectral photoacoustic
imaging use multiple dye or diode lasers, or a tunable optical
parametric oscillator (OPO) laser; however, these devices are
expensive. The absorption spectrum of the Wright–Giemsa stain is
shown in Fig. 2B, and was measured using a UV-3600 spectropho-
tometer (Himadzu, Japan). Two laser wavelengths were used to
probe the samples, 532 and 600 nm; the desired wavelength was
selected by using optical bandpass ﬁlters (Olympus, Japan). Output
energies at the selected wavelengths ranged from 1 to 5 nJ/pulse,
resulting in a laser ﬂuence between 30 and 160 mJ/cm2 using a
1 mm diameter focal spot. The ﬁber-coupled laser was focused by a
20 objective (0.45 numerical aperture) onto the sample, and was
co-aligned with the 1000 MHz center frequency transducer. Using
these frequencies and optical focusing components, the resolution
was estimated to be about 1 mm for both ultrasound and
photoacoustic imaging [24,43].
Acoustic images were performed ﬁrst, followed by photo-
acoustic imaging at 532 nm, then at 600 nm. Raster scans
approximately 20  20 mm were made using a 0.33 mm step size,
and all signals were averaged 100 times to increase the signal–
noise ratio (SNR). All signals were ampliﬁed by a 40 dB low noise
ampliﬁer (Miteq, USA) and digitized at 8 GS/s (Acqiris, USA).
Images were created by normalizing the acoustic and photo-
acoustic signals to a 256 greyscale value, with white being the
strongest signal, and black the lowest. Composite photoacoustic
images combining the 532 and 600 nm scans were made by
assigning the 532 nm image a green channel, the 600 nm a red
channel and then merging the images. Further details on the
acoustic and photoacoustic methods can be found in [18,30,35].
3. Results
The ultra-high frequency acoustic/photoacoustic microscope
(UHF–APAM) is a hybrid of optical resolution (OR–PAM) and
acoustic resolution (AR–PAM) photoacoustic microscopy. Using
ultrasound and photoacoustic frequencies at 1000 MHz, this
system is capable of micrometer-resolution imaging with high
sensitivity. This enhanced photoacoustic sensitivity is achieved as
the photoacoustic signal generated at the micrometer laser spot is
ampliﬁed by the geometrical gain of the focused ultrasoundnd the optics below are used to focus the laser and to view the sample. (B) An optical
get each cell. A neutrophil is visible within the crosshairs. (C) A schematic showing
e transducer.
Fig. 2. (A) The optical wavelengths emitted from the 532 nm ﬁber-coupled laser. Additional emission peaks at wavelengths greater than 532 nm occur due to stimulated
Raman Scattering within the ﬁber. (B) The absorption spectrum of the Wright–Giemsa stain.
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signal energy content near GHz frequencies [34,44,45] and the
wide transducer bandwidth (600 MHz) allows for micrometer-
scale axial resolution [18].
The Wright–Giemsa stain is a mixture of several dyes
commonly used to stain blood smears. The constituent dyes are
selectively absorbed in various organelles, resulting in pink, red,
blue and purple hues. Stained leukocytes were imaged ﬁrst with
ultrasound, and subsequently with photoacoustics using optical
wavelengths of 532 and 600 nm. Acquired optical, ultrasound and
photoacoustic images of the most abundant leukocytes in blood –
neutrophils, lymphocytes, and monocytes – are shown in Figs. 3–5 ,
respectively.
3.1. Neutrophils
In neutrophils, the cytoplasm was stained light pink and the
nuclear lobes were stained blue (Fig. 3). The areas of strongest
acoustic attenuation generally coincided with the location of the
nucleus; however, areas of increased attenuation outside of the
stained nuclear area were sometimes also observed (center of cell,
Fig. 3F). In all cases, acoustic attenuation through the neutrophil
was less than attenuation through the surrounding red blood cells.
Strong photoacoustic signals were obtained from the nucleus atFig. 3. Stained neutrophils: optical (A and E), ultrasound (B and F), photoacoustic at 53
arrows indicate photoacoutic signals from the nucleus that are visible at 532 nm, but nboth 532 and 600 nm, with negligible signal from the cytoplasm.
Weak photoacoustic signals were detected in areas surrounding
the nucleus at 532 nm which were not present in the 600 nm image
(Fig. 3C and G).
3.2. Lymphocytes
In lymphocytes, the nucleus stains dark purple while the
cytoplasm is colored light blue (Fig. 4). The nucleus of lymphocytes
generally occupies most of the cell volume. Unlike the neutrophil,
the acoustic attenuation of the lymphocyte nucleus was less than
that of the cytoplasm. The photoacoustic signal from the nucleus
was much stronger than the cytoplasm in the 532 nm image;
interestingly, this trend was reversed at 600 nm. Structures within
the nucleus (such as the dark spot in Fig. 4B that coincides with the
bright spot in Fig. 4D) are not easily detectable in the optical
images.
3.3. Monocytes
Stained monocytes express color proﬁles similar to stained
lymphocytes, with dark purple nuclei and light purple cytoplasm
(Fig. 5). Vacuoles are sometimes present, as they were in these
cells. The acoustic attenuation of the nucleus was typically less2 nm (C and G) and photoacoustic at 600 nm (D and H) images of neutrophils. The
ot at 600 nm (C and G). The scale bar is 5 mm.
Fig. 4. Stained lymphocytes: optical (A and E), ultrasound (B and F), photoacoustic at 532 nm (C and G) and photoacoustic at 600 nm (D and H) images of lymphocytes. The
arrows indicate areas of ﬁne like structure (C and G) and voids in the signal (H) that are not observed in the optical image. The scale bar is 5 mm.
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deﬁned. The photoacoustic signal from the nucleus was stronger
than the cytoplasm at both 532 and 600 nm, and the signal from
the cytoplasm was signiﬁcantly stronger at 600 nm than at 532 nm.
The vacuoles were easier to see in the photoacoustic images than
the acoustic images.
3.4. Composite photoacoustic images
The composite photoacoustic images were merged using a
green channel from the 532 nm image, and a red channel from the
600 nm image to accentuate features not easily seen in the
grayscale images as shown in Fig. 6 (see Supplementary
information for details on the method). Image areas that were
predominately green indicated signals that were stronger in the
532 nm image compared to the 600 nm image, while areas that
were predominately orange or red indicated signals that were
stronger in the 600 nm image compared to the 532 nm image.
Yellow areas indicated equal signal amplitude in both the 532 and
600 nm images. The lymphocytes showed a green nuclei, mono-
cytes a yellow nuclei, and the neutrophils a mix of yellow, greenFig. 5. Stained monocytes: optical (A and E), ultrasound (B and F), photoacoustic at 532 n
bar is 5 mm.and red. The cell types can be easily identiﬁed according to the
shape and color of the cell regions.
4. Discussion
These results demonstrate that in all cases, acoustic and
photoacoustic images of common leukocytes stained with a
metachromatic stain can be used to identify the cell types, even
for cells with principally similar color proﬁles such as lymphocytes
and monocytes. Additional features and ﬁne structures that are
difﬁcult to see in the stained optical images are enhanced in the
photoacoustic images.
Ultrasound imaging using GHz frequencies suffers from very
high attenuation, and the maximum penetration depth is a couple
cell layers at most; it is ideally suited for monolayer samples such
as blood smears. The acoustic attenuation within the neutrophil
was stronger throughout the nuclear lobes than in the cytoplasm.
This has been observed in transmission acoustic microscopy
studies of leukocytes, where the nucleus of ﬁxed and stained
neutrophils was more attenuating than the cytoplasm [46]. The
nucleus of live unstained MCF-7 breast cancer cells was also foundm (C and G) and photoacoustic at 600 nm (D and H) images of monocytes. The scale
Fig. 6. Composite photoacoustic images of the neutrophils, lymphocytes and monocytes created by merging the 532 nm and 600 nm photoacoustic images from ﬁgures 2–5.
The color provides additional metrics that can be used to differentiate the cell types.
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lymphocytes and monocytes, the opposite trend was observed; the
nucleus was less attenuating than the cytoplasm. The chromatin in
the nuclei of neutrophils is highly condensed [47], which may be
why the attenuation is higher in these cells versus the other
leukocytes.
A chromophore with strong optical absorption is required for
photoacoustic wave generation, with the amplitude of the
generated wave generally being proportional to the absorption
cross section of the chromophore and the number of chromophore
molecules per unit volume [13]. While there are potential
structures in cells that absorb within the visible wavelength
range, such as cytochromes [20], photoacoustic signals from
unstained leukocytes were not detected at 532 nm, even when
using increased laser energies up to 100 nJ per pulse. Thus, the
photoacoustic signals depend entirely on the staining properties of
the cell. Due to the differential staining, the photoacoustic contrast
between the nucleus and cytoplasm is very high and features in the
photoacoustic images not readily visible in the optical images
become apparent. This includes the faint photoacoustic signals
around the nuclear lobes in the neutrophils (Fig. 3C and G), the ﬁne
line-like structures within the nucleus (Fig. 4C and G) and the void
outside the nucleus (Fig. 4H) of the lymphocytes, and the irregular
nuclear shape in the monocytes (Fig. 5C, D, G and H). The
composite ﬁgures combine the 532 nm and 600 nm photoacoustic
images to create a false color image where the cell features and the
cell types can be more easily identiﬁed compared to the
monochrome photoacoustic images at either 532 or 600 nm
(Fig. 6). In these measurements, the photoacoustic signals from the
stained leukocytes are 5–10 stronger than those from the
surrounding stained erythrocytes, which are typically the stron-
gest chromophore in tissues at these wavelengths and provide high
contrast for photoacoustic imaging of vessels and blood-rich
structures [48–50].
In this proof of concept study, healthy leukocytes were
examined using the Wright–Giemsa stain which is the gold
standard for examining blood smears. Hematologists typically
observe many cell features to identify abnormalities, such as the
coarseness of the chromatin, sub-micrometer defects and nuclear
shape/morphology to make a diagnosis [51]. These abnormalfeatures may affect the ultrasound and photoacoustic images; the
enhanced contrast provided suggests abnormal leukocytes may be
easier to identify using this combined acoustic–photoacoustic
method compared to optical observation. Differences in the
acquired photoacoustic images can be used to identify leukocytes
with similar staining proﬁles but with inclusions that may not be
visible using optical microscopy, particularly when using addi-
tional dyes that have different absorption wavelengths that are
targeted towards detecting speciﬁc cell features, such as using
Sudan Black B for staining granules and Auer rods, or new
methylene blue for staining reticulocytes [37].
The lateral resolution of both the acoustic and photoacoustic
images was estimated to be about 1 mm, which approaches the
resolution limit obtainable using traditional optical microscopy
[52]. Photoacoustic imaging using a diffraction limited resolution
(200 nm when using an optical wavelength of 532 nm) is possible
when using highly focused objectives [14]; the resolution can be
further enhanced past the diffraction limit to <100 nm by
exploiting non-linear photoacoustic effects [17]. At these reso-
lutions, it may be possible to image single granules present in cells,
and resolve ﬁne structures and inclusions that are not possible to
see optically, particularly when a multi-spectral approach is used.
Future work will concentrate on improving the resolution of our
hybrid system, probing diseased blood cells, and investigating the
use of combinations of different optical wavelengths with different
dyes as well as label-free methods that may be used to enhance the
contrast and resolution for identifying abnormal cells.
5. Conclusion
This study is the ﬁrst demonstration of combined ultrasound
and photoacoustic measurements of single leukocytes with
micrometer resolution. Stained neutrophils, lymphocytes and
monocytes exhibited variations in the acoustic images that
generally coincided with the nuclear structure. The photoacoustic
images generated using optical wavelengths at 532 nm and 600 nm
showed striking detail that could not be observed in optical
microscopy. This combined imaging method could be used to help
diagnose disease, and detect small defects that cannot be seen
using traditional optical microscopy.
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